Abstract Investigating the corona mechanism plays a key role in enhancing the performance of electrical insulation systems. Numerical simulation offers a better understanding of the physical characteristics of air corona discharges. Using a two-dimensional axisymmetrical kinetics model, into which the photoionization effect is incorporated, the DC air corona discharge at atmosphere pressure is studied. The plasma model is based on a self-consistent, multi-component, and continuum description of the air discharge, which is comprised of 12 species and 22 reactions. The discharge voltage-current characteristic predicted by the model is found to be in quite good agreement with experimental measurements. The behavior of the electronic avalanche progress is also described. O densities are much smaller than that of the electron. The electron and positive ion have a low-density thin layer near the anode, which is a result of the surface reaction and absorption effect of the electrode. As time progresses, the electric field increases and extends along the cathode surface, whereas the cathode fall shrinks after the corona discharge hits the cathode; thus, in the cathode sheath, the electron temperature increases and the position of its peak approaches to the cathode. The present computational model contributes to the understanding of this physical mechanism, and suggests ways to improve the electrical insulation system.
Introduction
Along with the development of extra and ultra highvoltage transmission lines, air corona discharge has become one of the problems associated with high-voltage lines. Air corona discharge on DC transmission lines can lead to the deterioration of insulation systems and power loss; hence, it has drawn an increasing amount of attention. Air corona discharge also occurs in highvoltage industrial, scientific and engineering applications. As an insulator, air plays a critical role in the insulation performance of these applications. Highvoltage insulator system behaviors can be predicted by referring to a detailed knowledge of the fundamental corona discharge processes [1] . Therefore, investigating the corona discharge mechanism plays a key role in enhancing the performances of electrical insulation systems.
Several simulation models have been used to study air discharge, a majority of which have used pure nitrogen as a surrogate for the air discharge; however, this approach has significant limitations [2] . One of the most comprehensive compilations of the chemistry mechanism was given by Nahomy [3] , who adopted 430 chemistry reactions in air discharge and presented one of the most comprehensive compilations of chemical mechanism involved. Following the publication of Nahomy's milestone paper, mathematical modeling of DC or impulse discharge has been utilized to understand the physical mechanism and chemical processes involved. Macheret et al. [4] demonstrated air plasma generation through repetitive high-voltage nanosecond pulses. The first fluid model of a plasma actuator for low-speed flow control was published by Roy [5] , who demonstrated air plasma generation through repetitive high-voltage nanosecond pulses. Tochikubo [6] presented a model for streamer propagation and radical reactions in N 2 /NO. Salasoo et al. [7] studied the ion densities and electric field distribution by simulating the corona discharge in a pipe type precipitator. Pancheshnyi et al. [8] developed a reduced air model with 10 species based on the mechanism of Nahomy to simulate streamer discharges at pressures of 1 atm. Shirai [9] demonstrated a new scheme to generate DC air glow discharge using a miniature air flow. Gadri [10] developed a glow discharge model and obtained an interesting result: negative oxygen ions modified the interplay between species, which diminished the net ponderomotive force in the plasma. Morrow [11] investigated corona discharge in oxygen and other gases using the finite-element method. Kumara et al. [12] presented a two-dimensional model to examine the positive impulse corona discharge on polymeric surfaces and found that the resulting radius of the charged area was smaller than that in the glow corona. Gordiets [13] developed a reduced air chemistry model to investigate the role of excited neutral molecules and atoms in air discharge. Yin et al. [14] simulated the reaction diffusion process of air plasma in an open atmospheric environment.
In this paper, the chemical model comprises 12
− , and N 2 ) and 22 reactions for air discharge. A self-consistent, multi-component and two-dimensional plasma hybrid model is developed to simulate the atmospheric pressure DC corona discharge in air, which is based on the chemical model. The model was used to arrive at an extensive comprehension of air discharge, and examined DC coupled plasma under chemical nonequilibrium. The photoionization effect was introduced into the developed discharge model. The collision rate coefficients of heavy species reactions were generated using the Arrhenius law and depended exponentially on the air temperature or electron temperature. However, in the traditional model, no electronic energy transfer process was involved and the transport coefficients were reduced to a few constants [15] . The aim of this paper is to examine the details of the hybrid model, validate it against experimental data, and also to improve the investigation of the electrical and kinetic characteristics of corona discharge.
In the following sections detailed descriptions are presented for the air discharge mathematical model and the plasma chemistry mechanism. The corresponding results and discussion are given in section 3, and the conclusions are given in section 4.
Mathematical model

Computational implementation
The bar-plate electrode system model is simplified into a two-dimensional representation using rotational symmetry. There are two electrodes that separate from each other with a gap of L= 2×10 −4 m, the plate electrode is grounded and the bar electrode is driven with DC voltage. In this paper, the pressure in air discharge is fixed at 1 atm, and the gas temperature is assumed to be a constant (273 K), Fig. 1 shows the computational domain. The model is solved using COM-SOL Multiphysics based on finite element method. To achieve convergence some appropriate initial conditions are adopted and a time-dependent solver is used, then the stationary nonlinear solver 'Direct (UMFPACK)' starts once the solution becomes stationary. The iteration process is stopped when the relative error is smaller than 10 −4 . 
Governing equations
The balance governing equation for electron density is [16] :
where n e , n p and n n denotes the number densities of the electron, positive ion and negative ion respectively; f is the electric potential; R e is the net rate of production of electrons due to chemical reactions; w e is the drift velocities of the electron; α is the ionization coefficient; h is the net attachment coefficient; R ei is the coefficients of electron-ion recombination; v det is the detachment coefficient; S 0 is the rate of the appearance of electrons due to background ionization; and, S ph is the rate of photoionization calculated by the following equation [17] :
In the above equation, 1/4π is the normalizing constant; p is the gas pressure; P q is the quenching pressure of excited state nitrogen atoms and is set at 30 Torr for air; Ψ(|r − r 1 | · P ) is the coefficient of absorption of the ionizing radiation; and, r is the distance between the point of radiation and absorption to the photon. Γ e is the electron density flux calculated by the following equation:
where φ is the electric potential; µ e is the electron mobility; and D e is the electron diffusion coefficient computed from the following integrals [18] :
where γ = (2q/m e ) 1/2 ; q is the electron charge; ε is electron energy; σ m is the total collision cross section; N n is the total neutral number density; and, f (ε) is the energy distribution function.
The electron temperature was included in the developed model. The complete equation for electron energy conservation can be written as [19] :
where T e is the electron temperature; n k is the particle number density of species k; η k is the rate coefficient for energy loss for collisions of electron with species k; m e is the mass of electron; M k is the mass of heavy species k; and, T is the gas temperature and v e,n is the electron momentum transfer collision frequency. The source terms are on the right-hand side of Eq. (7): j e · E represents the energy gain due to electron Joule heating, and the last two terms represent the energy loss due to non-elastic and elastic collisions, respectively. For heavy species (i.e., positive ions, negative ions and neutral species), the multi-component diffusion transport equations used in the discharge are given by [20] :
where, u is the mass averaged hydrodynamic velocity vector; R k represents the rate of change of species k due to chemical kinetics; and, j k is the diffusive flux vector, which is defined as [21] :
In the above equation, D kj is the multi-component Maxwell-Stefan [22] diffusion coefficient; D T k is the thermal diffusion coefficient; T is the gas temperature; and, d k is the diffusion driving force, which is defined as:
where M is the mole averaged molecular weight; M k is the mole molecular weight of the k species; g k is an external force per unit mass acting on species k, x k is the mole fraction, and w k is the mass fraction of the k species.
The diffusion coefficients can be computed from the following expression based on the kinetic theory of gases:
where σ kj and ε kj /k B in the potential function characteristic of Lennard-Jones (12-6); Ω
(1,1) * is the collision integral. The mobility of species k was calculated using the Einstein relation:
where e is the charge quantity. The momentum equation for the all heavy species can be written as [23] :
where µ is the dynamic viscosity; and p is determined from the following equation:
where ρ k is the mass concentration of species k, G k is the partial molar Gibbs free energy of species k, G 0 k is the "standard state" partial molar Gibbs free energy, H k is the partial molar enthalpy of species k, H 0 k is the standard state enthalpy of species k, p k is the partial pressure of species k, and F k is the body force term action on species k. In the case of an ionic species, the body force is the product of ion charge and the electrical field E, and is given by
where Z k is the charge number of species k and f c is the Faraday constant. Finally, the self-consistent calculated electric field is obtained from the Poisson's equation, which is solved through the combination of Eqs. (1)- (15):
where ε 0 is the vacuum permittivity.
Boundary conditions
The essential part in the computational process is the boundary condition of the model. In the model, the electron flux at the cathode and the anode are as follows:
where Γ e and Γ i are the electron density flux and ion density flux, respectively; υ th,e is the electron thermal velocity; and γ is the secondary electron emission coefficient, which is set to 0.01 for the cathode and 0 for the anode. The boundary condition for the electron energy is given as:
n e υ th,e + (a − 1)µ e n e − a(
where T se is the temperature of the second electron ejected from the electrode (T se ≈ 5 eV); a = 0 if the electric field is directed away from the electrode, and a = 1 if the electric field is directed toward the electrode.
The boundary condition for ions is given as:
and for the neutral species, it is
where υ th,i and υ th,s are the thermal velocities of ions and neutral species, respectively. The ions are quenched to neutral species with the surface interaction coefficient due to surface reaction:
At the electrode surfaces, neutral oxygen atoms are quenched to the oxygen molecule by the surface reaction:
The boundary condition on the electric potential was specified to be V =0 at the cathode, and V = V 0 at the driven anode. Finally, all of the heavy species temperatures at the electrode were assumed to be equal to the air temperature.
Air chemistry and transport
The air discharge model has 12 species:
− , and N 2 . A total of 22 reactions were considered, including elastic scattering, ionization, two-body recombination, three-body recombination, dissociative recombination, molecular ion conversion, excitation, de-excitation, and so on. Table  1 lists the reaction processes included in the model. 3 Results and discussions Fig. 2 shows a comparison between computational and experimental discharge voltage-current (V -I) characteristics for DC air corona discharge at atmospheric pressure. The computational data show a good agreement with the experimental data, particularly at low discharge voltages. However, there is a slight discrepancy between computational and experimental data in the higher discharge voltage region. Possible explanations for this discrepancy include the adoption of a simple chemical model and the dependence on a constant secondary electron emission coefficient at the cathode surface. Consequently, the developed model is validated through a comparison of the computational and experimental V -I characteristics. Fig.2 The discharge voltage-current (V -I) characteristics, compared computational and experimental data. The discharge pressure and interelectrode gap were fixed 1 atm and 2×10 −4 m, respectively Fig. 3 shows the plot of electron density at four moments along the axial distance. At time t = 1.4 ns, the maximum electron density occurs in the positive glow region close to the anode and reduces to about zero in the cathode sheath region. At time t = 1.8 ns, in the positive glow and cathode sheath region, the electron density becomes larger than that at time t = 1.4 ns. The reason for this is that the secondary electron emission at the cathode surface affected the multiplication electrons. At the same time as the primary avalanche builds up towards the anode, excitation and ionization reactions also occur. At time t = 2.8 ns, the electron density increases even further, especially in the positive glow and cathode sheath region; therefore, the electron density surges more than in the bulk plasma by photoionization. In addition, the electron density column increases as time progresses in the cathode sheath. This is caused by the effect of secondary electron emission and the ionization dominant in the cathode sheath due to the high electric field. The electron density steep gradient becomes much steeper closer to the anode as time progresses. The electron density is observed to be of the order of 10 20 -10 21 m −3 and its spatial variation is quite similar to that reported in literature [24] . Fig.3 Electron density at different times along the axial distance. Pressure p = 1 atm, applied voltage V = 1000 V Fig. 4 illustrates the two-dimensional distribution of the electron density for bar-plate geometry at time t = 2.8 ns. A separation distance between the corona and the cathode surface is evident. A large number of electrons are observed to accumulate in the positive glow region. Fig. 3 clearly shows how the electron density sharply decreases to form a low-density thin layer area close to the anode, which is possibly due to electron absorption by the anode. The distribution of a low-density thin layer near the anode has rarely been discussed in previous studies. Fig. 5 demonstrates the plots of positive and negative ion density along the axial distance. The positive ion density increases sharply to a maximum value in the anode sheath and slightly increases in the cathode sheath due to ionization collision, which produces slow positive ions trying to escape from the cathode. The positive ion density follows a pattern similar to that of electron density. A low-density thin layer area of positive ions also occurs near the anode, similar to that of the electron, because a surface reaction is possible when any charged and excited species collide with the electrode. The negative ions are mainly produced with an attached reaction of electrons to the neutral species, and are lost by recombination reaction of positive and negative ions. The negative ion density clearly maintains a high value from the bulk plasma to the anode. It is interesting to note that the maximum negative ion density occurs in the bulk plasma compared with the distributions of electron and positive ion density, which is caused by the attachment reaction dominated by the low positive ion density in bulk plasma, compared with the recombination reaction. The low-density thin layer area of negative ions is negligible and can be ignored compared with the electrons and positive ions because the negative ion density is very low. Fig. 6 shows the charged species density profiles along the axis of the air discharge. Fig. 6(a) illustrates that the positive ions O + 2 are more dominant compared to other charged heavy species in the total plasma region because the ionization of O 2 is relatively high compared to the ionization reaction of N 2 [25] . In the anode sheath, N , which are generated through three-body reaction R5 and the reactions R10 and R11, respectively. The minimum of positive ions is O + 2 N 2 , which is negligible compared to the other ionized species in the air discharge produced through three-body reaction R8. In Fig. 6(b 5 V/m) and keeps at the low level throughout the bulk plasma, with a slight decrease near the anode. These phenomena can be explained because the electric field is distorted by a large number of electrons produced through secondary electron emission at the cathode surface. Under this condition, a low electron field is necessary in the bulk to prevent electron flux and maintain plasma quasi-neutrality. Therefore, the anode sheath extracts electrons and negative ions from the bulk plasma to prevent positive ion flux and keep the high voltage at the anode [26] . The electric potential decreases rapidly at about 896.59 V in the cathode sheath. The maximum voltage drop starts
2.546×10
−5 m away from the cathode with the initiation of the sheath formation, and decreases almost linearly to zero. This profile is similar to the spectroscopical measurement of a DC plasma discharge [27] . Fig. 8(a) . Fig. 8 (b) shows that the electric field increases to 2.06×10 7 V/m and extends radially to a distance of 1.2×10
−4 m at time 1.8 ns. Fig. 8(c) indicates the electric field at time 2.1 ns minimally changed compared with that at time 1.8 ns. Fig. 8(d) describes that the electric field reaches 4.27×10 7 V/m, and extends radially to a distance of 1.4×10 −4 m. The thickness of cathode fall is about 0.2×10 −4 m. As time progresses, the electric field increases and extends along the cathode surface, while the cathode fall shrinks in thickness. In addition, Fig. 7 clearly describes the electric field maintaining a very small value in the bulk plasma, followed by a slight decrease in the anode sheath. The electron temperature in air corona discharge is extremely important to understand the physical mechanism of plasma. Fig. 9 indicates the electron temperature distributions at different time moments along the axial distance in air discharge. The electron temperature increases in the cathode sheath and the position of its peak approaches to the cathode as time progresses. At time t = 2.8 ns, the maximum electron temperature is 18.09 eV, which is consistent with Sigmond's result [28] . In a high electric field, the high electron temperature at the end of the cathode fall is the result of Joule heating, which leads to the production of energetic electrons in the cathode sheath [29, 30] . The electron temperature decreases to a much smaller value and keeps relatively uniform electron energy in the bulk plasma due to electrons moving towards the anode. This is caused by the electron energy loss incurred from the collision reactions of the electron with neutral species.
Lastly, Fig. 10 demonstrates the mean electron energy distributions at different times along the axis. The mean electron energy maintains a small value in the bulk plasma and slightly increases in the anode sheath. The maximum mean electron energy moves toward the cathode and increases as time progresses in the cathode sheath. The spatial variation of the mean electron energy mirrors the situations of collision ionization reaction coefficient, as well as the rate of energy transfer. Both suggest that the secondary electrons rapidly accelerate in the cathode fall region and that the space charges distort the electron field; thus, the mean electron energy in the cathode sheath is strengthened. Numerical simulation offers a better understanding of physical characteristics of air corona discharge. In this paper, the numerical simulation of DC air discharge under atmospheric pressure is performed using a two-dimensional axisymmetric kinetics model. The plasma model utilized 12 species and 22 reactions based on a self-consistent, multi-component, and continuum description of the air discharge. The discharge voltage-current characteristic predicted by the model is found to be in quite good agreement with experimental measurements. Moreover, the relevant plasma properties were investigated, such as charged species density, electron potential, electric field, electron temperature, and mean electron energy. The behavior of electronic avalanches progress is also described. O are much smaller than that of electrons. The electrons and the positive ions have a low-density thin layer near the anode, which is caused by the surface reaction and the absorption effect of the electrode. However, the low-density thin layer of the negative ion is negligible and can be ignored because of the very low negative ion density. An appropriate computational model is used to describe the low-density thin layer of charged species, which was lacking in previous studies. As time progresses, the electric field increases and extends along the cathode surface, while the cathode fall shrinks after the corona discharge hits the cathode. Our results also show that the maximum of electron temperature occurring in the cathode sheath is caused by Joule heating in the high electric field.
